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We propose the mechanism of active Faraday optical clock, and experimentally demonstrate active Faraday
optical frequency standards based on 852 nm narrow bandwidth Faraday atomic filter by the method of
velocity-selective optical pumping of cesium vapor. The center frequency of the active Faraday optical frequency
standards is determined by the cesium 6 2S1/2 F = 4 to 6
2P3/2 F
′ = 4 and 5 crossover transition line. The
optical heterodyne beat between two similar independent setups shows that the frequency linewidth reaches
996(26) Hz, which is 5.3 × 103 times smaller than the natural linewidth of the cesium 852 nm transition line.
The maximum emitted light power reaches 75 µW. The active Faraday optical frequency standards reported
here have advantages of narrow linewidth and reduced cavity pulling, which can readily be extended to other
atomic transition lines of alkali and alkaline-earth metal atoms trapped in optical lattices at magic wavelengths,
making it useful for new generation of optical atomic clocks. c© 2018 Optical Society of America
OCIS codes: (140.3425) Laser stabilization; (120.2440) Filters; (120.3940) Metrology.
The optical frequency standards based on neutral atoms
in optical lattices [1–4] have shown better stability and
accuracy at 10−18 level. However, the performance of
the optical lattice clocks is still limited by the Brown-
ian thermo-mechanical noise of high-finesse optical cav-
ities for frequency stabilization of clock lasers [5, 6]. Us-
ing atoms with narrow linewidth clock transitions and
a bad-cavity to make an active optical clock [7–14], can
greatly reduce the influence of the mechanical or thermal
vibrations of the cavity mirrors on the emitted optical
frequency. A spectral linewidth of just 1 mHz and a po-
tential stability of two orders of magnitude better could
be expected [7–15].
The active optical clocks [7–9] work in the bad-cavity
regime, which corresponds to the condition that the cav-
ity mode bandwidth Γc is larger than the gain bandwidth
γa. The bad-cavity laser based on HeNe [16] or HeXe [17]
infrared gas lasers with Γc/γa equals 1.4 was reported.
The laser using rubidium two-photon Raman transition
realized Γc/γa of 5×104 [14] and the Gaussian full-width
at half-maximum (FWHM) was measured to be 350(25)
Hz relative to the Raman dressing laser.
In this Letter, we introduce the concept of the ac-
tive Faraday optical clock, in which the optical emis-
sion frequency is determined by the center frequency
of the Faraday atomic filter [18–23] when working in
bad-cavity regime. The optical gain can be provided by
Ti:Sapphire, dye or semiconductor materials. We experi-
mentally demonstrate an active Faraday frequency stan-
dard using Cs 852 nm narrow bandwidth Faraday atomic
filter in an extended bad-cavity of a laser diode. The
maximum emitted light power reaches 75 µW and the
frequency is determined by Cs 6 2S1/2 F = 4 to 6
2P3/2
F ′ = 4 and 5 crossover transition line with FWHM meas-
ured to be 996(26) Hz. The prospective active Faraday
optical frequency standard would also employ Faraday
alkali-earth atomic filter with ultra-narrow bandwidth,
like strontium 689 nm and calcium 657 nm clock transi-
tions in optical-lattice based Faraday atomic filter, with
weak optical feedback from optical resonant cavity.
A schematic of the experimental setup is shown in
Fig. 1. The active Faraday optical frequency standard
shown in the black box consists of a laser diode (LD1)
and a Faraday atomic filter in the extended cavity be-
tween LD1 and mirror M0. The output fluorescence of
laser diode (LD1) with anti-reflective coatings (Eagle-
yard EYP-RWE-0860-06010-1500-SOT02-0000) is colli-
mated by a aspheric lens L1. The plane mirror M0 with
a reflectivity of 80% used for optical feedback and output
is about 35 cm away from the laser diode. A piezoelec-
tric ceramic tube (PZT) is attached to the mirror M0
to adjust the length of the extended cavity. The out-
put of another similar laser diode (LD2) is collimated
by lens L1, reflected by mirror M1 and passes through
the same Faraday atomic filter and feedback mirror M0.
These two output beams are combined by a beam splitter
(BS1, 50 : 50) after mirror M0 for heterodyne detection.
As the two output light frequencies are both determined
by the Faraday atomic filter and equal to each other,
one beam is shifted 113 MHz by an acousto-optic mod-
ulator (AOM)to facilitate analysis of beat signal. The
overlapped beams are detected by an avalanche photodi-
ode (APD1) and analyzed using an rf spectrum analyzer.
The other beams are further split by a polarization beam
splitter (PBS1) with one beam detected by a photodiode
(PD1) and another heterodyned with the pumping laser
respectively.
The narrow bandwidth Faraday atomic filter is real-
ized by velocity-selective optical pumping of cesium va-
por in a bias magnetic field [22,23]. The Faraday atomic
filter is composed of two polarization-orthogonal Glan-
Taylor prisms (GT1 and GT2) with extinction ratio of
105 : 1, a cesium vapor cell, a pumping laser with cir-
cular polarization and a bias magnetic field. The pump-
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Fig. 1. (Color online) The schematic of the experimen-
tal setup. LD, laser diode; M, mirror; GT, Glan-Taylor
prism; M0, feedback extended cavity mirror; AOM,
acousto-optic modulators; HWP, half-wave plate; QWP,
quarter-wave plate; PBS, polarization beam splitter; BS,
beam splitter; PD, photodiode; APD, avalanche photo-
diode; ECDL, extended cavity diode laser; NDF, neutral
density filter.
ing laser transfers velocity-selective Cs atoms to 6 2P3/2
F ′ = 4 and 5 states. The bias magnetic field causes
Zeeman splitting and magneto-optical rotation for lin-
early polarized probe beam [18] when interacting with
velocity-selective atoms. Therefore, there is a transmis-
sion of probe beam passing through orthogonal prisms
besides atomic medium with pumping laser. In our ex-
periment, a bias magnetic field about 10 Gs along the cell
axis is applied to make Zeeman splitting match the fre-
quency width of velocity-selective atoms to achieve high
transmission of the Faraday atomic filter [23].
The cesium vapor is contained in a cylindrical glass cell
(Cs1 in Fig.1) with a diameter of 25.4 mm and a length of
15 cm and temperature controlled at 30 0C . A magnetic
shielding chamber with two openings is used to reduce
the influence of earth magnetic field. The pumping laser
is provided by an extended cavity diode laser (ECDL)
stabilized to Cs 6 2S1/2 F = 4 to 6
2P3/2 F
′ = 4 and
5 crossover transition line using saturation absorption
spectrum (SAS) combined with electronic servo system.
The pumping beam is expanded to overlap output light
beam of LD1 and LD2, and circularly polarized before
counter-propagating with them. The probe laser is uti-
lized to measure the transmission of the Faraday atomic
filter with an intensity of 0.5 mW/cm2 lower than the
saturation intensity 1.1 mW/cm2. The laser frequency
is swept over 2 GHz referenced to the Cs SAS and the
transmitted light is recorded by a photodiode PD3.
Figure 2 shows the transmission spectrum of the Fara-
day atomic filter. The center frequency of the filter co-
incides with the Cs 6 2S1/2 F = 4 to 6
2P3/2 F
′ = 4
and 5 crossover transition line. It possesses a transmis-
sion of 24.9(2)% excluding the reflections of the vapor
Fig. 2. (Color online) The transmittance spectrum of the
Cs Faraday atomic filter at 6 2S1/2 F = 4 to 6
2P3/2 F
′
= 4 and 5 crossover transition line.
cell windows and the FWHM bandwidth is 45(2) MHz,
which mainly results from pumping laser caused satu-
ration broadening. The Q factor of the whole extended
cavity is calculated to be 1.18 × 106 and the FWHM
of cavity mode is 298.3 MHz. In Fig. 2, the middle blue
curve is an illustration of the Lorentzian response curve
of the whole extended cavity. The gain bandwidth γa can
be evaluated by the convolution product of laser diode
gain spectrum and Faraday atomic filter transmission
spectrum, i.e., 45 MHz. Consequently, the calculated co-
efficient of Γc/γa is 6.6, which means the active Fara-
day optical frequency standard works in the bad-cavity
regime.
When the Faraday atomic filter is placed inside the
extended cavity of laser diode, and the cavity mirror M0
is adjusted to form feedback, the stimulated emission of
the active Faraday optical frequency standard is realized.
The intensity characteristics and threshold behaviors are
illustrated in Fig. 3. In order to show the dependence
of the stimulated emission on the Faraday atomic filter,
the frequency of pump laser is unlock temporarily and
swept. The emitted light power is recorded by a pho-
todiode (PD1) shown in Fig. 3(a). When the pumping
laser is at the frequency of Cs 6 2S1/2 F = 4 to 6
2P3/2
F ′ = 4 and 5 crossover line, there is stimulated emis-
sion due to the transmission of the Faraday atomic filter.
Fig. 3(b) shows the variations of the emitted light power
while sweeping the resonant extended cavity frequency,
calibrated by the voltage and piezoelectric coefficient of
the PZT. When changing the resonant extended cavity
mode frequency, the emitted light frequency is shifted
away from the center of the Faraday atomic filter due to
the cavity pulling effect. The stimulated emission would
be extinguished once the emitted light frequency is be-
yond the bandwidth of the Faraday atomic filter. The
frequency range of the stimulated emission working is
measured to be 350(20) MHz. Fig. 3(c) shows the emit-
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Fig. 3. (Color online) The intensity characteristics and
threshold behaviors of the active Faraday optical fre-
quency standard. (a) The variations of the emitted light
power while sweeping pumping laser frequency of the
Faraday atomic filter; (b) The variations of the emitted
light power while sweeping resonant cavity frequency,
i.e. the extended cavity length; (c) The variations of the
emitted light power while increasing the injection cur-
rent of the laser diode.
ted light power varying with the injection current of the
laser diode. There are four thresholds of the injection
current which could be explained similarly to Fig. 3(b)
considering the variation of semiconductor refractive in-
dex [28]. The maximum output power is about 75 µW
which is sufficient for phase locking.
Fig. 4. The optical frequency charactistics of the active
Faraday optical frequency standard when beat between
two seperate setups with FWHM (a)1408 Hz and (b) 398
Hz.
The optical emission frequency linewidth can be
evaluated using the Schawlow-Townes formula ∆fo =
hfoΓ
2
c/[4piPo(1 + Γc/γa)
2] where fo is the emitted light
frequency, Po is the emitted light power. Based on the
parameters above, the quantum-limited linewidth of the
active Faraday optical frequency standard is 0.33(2) Hz.
In Fig. 4, we demonstrate the optical emission frequency
linewidth by the heterodyne signal between two indepen-
dent identical setups. The beat signal from the spectrum
analyzer is normalized for fitting. The RBW is set at 100
Hz, and the swept frequency range 20 kHz within 200 ms.
In Fig. 4, the data points are well fitted by a Gaussian
profile (solid line), which indicates that the linewidth is
dominated by 1/f noise and we can deduce the linewidth
for one setup by the measured FWHM divided by
√
2.
From Fig. 4 (a), we find the FWHM of the beat signal
to be 1408(37) Hz, which means the FWHM linewidth
for each setup is 996(26) Hz. This result is nearly two
orders better than frequency stabilized laser with inter-
ference filter [29] or atomic filter [27] working in good-
cavity regime, which indicates that the active Faraday
optical frequency standard working in bad-cavity regime
can reduce the influence of environmental noises on fre-
quency stability dramatically. An even better result with
FWHM of the beat signal fitted to be 398(32) Hz and the
FWHM linewidth 281(23) for each setup is shown in Fig.
4(b). The outlier data points indicate that vibrations still
have great influences on frequency stability. Above all,
the actual linewidth of the active Faraday optical fre-
quency standard is coming closer to the quantum-limited
linewidth.
Moreover, we heterodyned one output light beam of
the active Faraday optical frequency standard with the
pumping laser. The beat signal from APD2 centers at
113MHz which means the frequency of output light
equals that of the pumping laser, i.e., the frequency of
the active Faraday optical frequency standard is deter-
mined by that of the Faraday atomic filter. On the other
hand, the cavity pulling of the optical emission frequency
is measured by changing the resonant extended cavity
frequency within 350(20) MHz similarly to Fig. 3(a).
The center frequency of the beat signal varies within
a range of 40(5) MHz corresponding to FWHM band-
width of the Faraday atomic filter. The ratio of 40(5)
to 350(20) MHz indicates that the cavity pulling coeffi-
cient Pc ≡ δfo/δfc = 1/(1 + Γc/γa) is 0.11(2) and the
coefficient of Γc/γa is 7.8(2). The results confirm that
the active Faraday frequency standard posses narrower
frequency linewidth and better frequency stability with
help of suppressed cavity pulling effect.
It should be noted that there are not any vibration
isolations in our experiment, two setups are arranged to
share the same Faraday atomic filter and the same cav-
ity mirror on purpose to get rid of large-scale noises.
Therefore, the frequency stability is still limited to envi-
ronmental noises and the slow frequency drift makes it
hard to give the Allan deviation of our system. Moreover,
the drift of the pumping laser frequency would cause
frequency drift of the active Faraday optical frequency
standard and even result in extinguishment of the stim-
ulated emission. In the future, vibration isolation will be
adopt and the extended cavity will be stabilized by elec-
tronic servo loops. We will also consider the possibility
to realize a narrower bandwidth Faraday atomic filters
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without pumping lasers, like calcium, strontium, ytter-
bium Faraday atomic filters in optical lattices at magic
wavelengthes. The gain medium can be provided by Ti:
sapphire and dye, besides semiconductor materials.
In conclusion, we propose and demonstrate active
Faraday frequency standards using the cesium 852 nm
narrow bandwidth Faraday atomic filter in the extended
cavity of the diode laser. The emitted light power reaches
a maximum of 75 µW. The optical emission frequency is
stabilized to the cesium 6 2S1/2 F = 4 to 6
2P3/2 F
′ = 4
and 5 crossover transition line. The beat signal between
two independent identical setups indicates a linewidth of
996(26) Hz by Gaussian fitting, which is 5.3×103 times
smaller than the natural linewidth of the cesium 852 nm
transition line. The results presented here open up a new
opportunity of building active Faraday optical clocks
without local super-narrow linewidth lasers. With Fara-
day effect [18] at clock transition, higher performance of
frequency stability can be expected for the future active
Faraday optical clocks.
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